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Early Prophylaxis With Recombinant Human 
InterleiiMn-11 Prevents Spontaneous Diabetes in 
NOD Mice 

Ferdinaudo Nicoletti, Paola Zaccone, tgnacio Conget, Ramon Gomis, Christer Mbller, PierLuigi Meroni, 
Klaus Bendtzen, William Trepicchio, and SteU&n Sandler 



We evaluated the effects of recombinant human (rh) 
interleukin (IL)-ll on the development of spontaneous 
and oyclophosphamide-induced diabetes in female NOD 
mice. Prolonged treatment with rhIL-11 10 ug *.p. five 
consecutive times a week between the 4th and 22nd 
weeks of age significantly suppressed both develop- 
ment and cumulative incidence of type 1 diabetes. Dis- 
ease protection was transient because most of the ani- 
mals developed type 1 diabetes within 3 months Of 
treatment withdrawal. In contrast, rhEL-11 failed to 
prevent type 1 diabetes when administered for the first 
time to euglycemic 18-week-old NOD mice. Most likely, 
this discrepancy was not due to age-dependent differ- 
ences in the immunological responses of NOD mice to 
rhIL-11 because staphylococcus aureus enterotoxin B- 
indnced tumor necrosis factor (TNF) and EL-12 pro- 
duction were equally suppressed by rhIL-11 in 12- and 
25-week-old NOD mice. Relative to controls, NOD mice 
pretreated with rML-11 also showed significantly 
diminished blood levels of TNF, interferon*?* and IL-12 
induced by anti-CD3 antibody and/or lipopolysaccha- 
ride. The results demonstrate that rhIL-11 has power- 
ful anti-inflammatory effects that are capable of down- 
regulating early immunQdJabetogenic pathways in NOD. 
mice. Diabetes 48:2333-2339, 1999 
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Type 1 diabetes is defined by hyperglycemia that is 
induced by an inflammatory autoimmune attack 
that destroys the pancreatic p-cells (1). Type 1 
proinflammatory cytokines, such as interleukin 
(ttO-1 , ILr2, IL-12, interferon (IFN>-/, and tumor necrosis fac- 
tor (TNF), produced by T- and B-ceUs and macrophages infil- 
trating the islets (insulitis) may play a m^ior pathogenetic roie 
either by directly influencing 0-ceIl function, viability, and 
immunogenicity and/or by recruiting and activating further 
ante-e-cell immune effectors (2,3). 

The deleterious action of type I cytokines on type 1 dia- 
betes pathogenesis seems to be counteracted by endoge- 
nous anti-inflammatory mediators These include type 2 
cytokines, such as IL-4, IM0, and JJA3, and type 3 cytokines, 
such as transforming growth factor (TGF>P ? which block the 
production and action of type 1 cytokines and naturally 
occurring cytokine inhibitors, such as 1L-1 receptor antago- 
nist, soluble TNF receptors, and an ti -cytokine antibodies 
(Ab) (4). Hence, the development of type 1 diabetes may 
depend on a fine, perhaps genetically determined, balance 
between prr> and anti-inflammatory cytokines. Indeed, type t 
cytokine inhibitors (e.g., neutralizing monoclonal Ab (mAb] 
and soluble cytokine receptors) and type 2 cytokines them- 
selves have antidiabetogenic actions in type 1 diabetic rodent 
models (BB rats, NOD mice) (1-4). 

H>11 is a member of the IL-6 cytokine family that pos- 
sesses pleiotropic effects both inside and outside of the 
immune system (6,6). The cytokine is produced by several 
cells within the central nervous system, the thymus, the 
lungs, bones, skin, and connective tissue. like IL-6, leukemia 
inhibitory factor, and cardiotropic l^ILrU uses gpl30 as the 
signaling receptor unit (5,6). 

Although IL-1 1 was originally described for its effect on the 
hemopoietic system (7), recent studies have demonstrated 
that IL-11 acts also on T- and B-cells and macrophages 
(8-10). The powerful anti-inflammatory effect of IU11 is at 
least partially mediated by its capacity to inhibit the produc- 
tion of the proinflammatory cytokines TNF] IM0, IL-12, and 
IFN-7; this effect is probably secondary to inhibition of 
nuclear translocation of NF-kB, which is caused by IL-11- 
induced increases in the levels of the NF-kB inhibitors I-KBa 
andl-KBp (11). 

The monocyt^macrophage has been proposed as the pri- 
mary target through which IL-11 exerts its immunomodula- 
tory effect Central to the capacity of IL-11 to inhibit the pro- 

2333 
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PREVENTION OF NOD MOUSE DIABETES BYrhlL-11 



duction of JFS-y from T-cells is its suppressive effects on the 
production of IL-12 try macrophages, which subsequently 
induces a Thl-polarized response (4,8). However, more 
recent evidence indicates that Hr 11 also promotes Th2 polar- 
ization Willi augmented production of the type 2 cytokine IL4 
(10). These findings suggest IL-11 is of potential importance 
in the treatment of cell-mediated type I cytokine-dependent 
inimunoinflarnmatory diseases; this possibility prompted us 
to study the effects of exogenous IL-1 1 on the clinical, histo- 
logical, and immunological, parameters during the develop* 
mont of type 1 diabetes in (lie NOD niouae. 

Research design and methods 

Animate #nd regents. NOD mice of both SCXtt *ete purchased from Charles 
River (Calco, Italy). They were kept In laminar flow hoods and bedding with tree 
*«oess to autoclaved food and water At the bediming and end of the study, 
Wood samples from at I^st five sentinel mice per group always tested negative 
for major murine pathogens, todwfctur Scndai virus, mouse hepatitis virus, and 
mycoplasma pulmonis (Immunocomh kit, Chftrks Rter). When kept under these 
experimental conditions, mere were no signlfkam differences in the mean ages 
of onset or the cumulative incidences of diabetes (Thorn ~70 to at 35 weeks 
Of age) in more than 50Q control (PBS-treated or untreated) female NOD mice 
obtained in the last 4 years from Charles River. 

Rflcombteant human (rh) ruu purtfad frwtt Escherichia coli was manufhc- 
tared at the Genetics Institute (Cambridge, MA) and bad a Specific activity of 1.5 
x JO 5 U/mg as determined by TIO proliferation assay. rhIM 1 has been previously 
shoTOt to be equally active iri mice and rate (8-10,12-22). iMM t was djfisoh^d 
in sterile PBS and Injected mCrapcrttonealiy into mice In a fbiaj volume of 100 ul 
Thnx groups of NOD mice served as controls for the repeated Injections with. 
rWUI t. One group was treated with PBS, another with £1 coii-derlved rhJFN-a 
(Hoflhwn*U Roche, Basel), and the last with rhIL-1 1 that was bailed for 30 mia, 
which is known to abrogate the btologfcal activities ofthe cytokine. Ooncanavalin 
A (CociA) and li DO polysaccharide (LPS) serotype 055: B5 were parch ased from 
Sigma Chlmica (Milan, Italy). Staphytacoccus aureus cntcrotOXilJ B (SEB) was 
purchased from Toxin Technology (Sarasota, FL), Cydophosph amide (CY) was 
purchased from Scherbo Plough (Mihn, ttary). Hamster anti-mou^e CD3 mAb and 
RoHd-phase etWne-linked immimosorbent assay (EliSA) kits Tor detection of 
mouse IL4, IFN-7, and TNP were purchased from Ftormingctl (San Diego, CA). 
BUa\ kits lor mouse IL-12were rajrcriasedrxorn Endogen (Cambridge, MA). Sam- 
ples were ran In duplicate according to the manufacturers' instructions. The 
lower limits of n^dvifica of the assays were 7pgAnlforTL4and IFN-7, tOpgfail 
for THF, and I>pR/ml forIL-12. Intra- and interaaaay coefficients ol variations were 
between 12 and 1 8& Tb calculate mean values, samples with cytokine values below 
the levels of detection were assumed the limits of sensitivity of the assay as a the- 
oretical valuer. 
Experimental design 

Spontaneous type 1 diabetes. EugrycemJc female NOD mice were randomly 
allocated into different groups receiving the treatments described below, starting 
at the 4th or 18th week of age. Because irwulitto is virtaalhr absent in 4- to G- week- 
old NOD mice and is activery ongoing in mosiAftimals at 18 weeks of age(23), thb? 
approach allowed US to investigate the effects of exogenous rhIL-lI in both the 
early and late diabetogenic stages. 

For the early prophylactic treatment, 4-weeVo)d mice received 10 pg chlL-1 1, 
an equal volume of PBS, 60,000 U K cott-dertwd rhlFW-w, or 10 «g heatinacti- 
• vated rhlL-1 L TreatmeatS were given mtraperitoneauy five consecirtivc times a 
week until the age of 22 weeks. The mice woe screened far dfcibetes development 
twice a Dreok by means of glycoswria, If the mice tested positive, measurements 
of gb/cctnift were also taken. Mice were diagnosed as diabetic when tasting Rly. 
cemia was >U& mmol/l for 2 consecutive days. At the end of the study period, 
all remaining eugrycemtc mice were killed, and the pancreases were exartrined lor 
lnsulitis seventy. 

In. a second set of experiments, 4- week-old mice wen? smularly treated wtrh 
ertner rhDUl 1 or PBS alone until the age of 22 weeks. At this time paint, treatment 
was Interrupted, and the mice were monitored for diabetes development until the 
age of 50 weeks. 

Por the late prophytactic treatment, lB-week-old mice were ran domly divided 
into two experimental groups: one group ttms treated with 10 ugrhlMX (« -a 2TA- 
the other group was treated with PBS alone (n = 20). T r e at ment was given ftve 
coraecufjvc tirnes a week for 17crnisecutKe roeefcs until the age of 35 weeks. Mice 
were then screened tor type 1 diabetes development as described above, Pan- 
creatic srjecirnens were collected firom diabetic mice thst wre killed at diabetes 
onset or from the remaining eagfrccmic mice at the end of treatment. 
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CY-induced type 1 diabetes. Another set Ot experiments was performed to eval- 
uate the effects of rhlL-1 1 on the accelerated model of dtaheres that can be pro 
voked in 14- to 18-weekold NOD mice by challenge with one or two large doses 
orCY at 2-week intervals. Fur Has purpose, J^wcek-old female NOD mice were 
injected intraperitoneal^ with 2B0 mgAqg body wt of CY and randomly divided into 
two experiment*) group?: ck\<*. tar*a>H with rhlL-11, and the other treated with PBS 
alone. Starting 1 day before CY challenge, the ntice were treated every day with 
edther rhJMl or PBS, flvetJmes a week, ontU day 14. The Were screened for 
diabetes development on days 7 T 14, and ID and diagnosed as diabetic when the 
fasting glucose level? were >\ 1J mmol/l for 2 consecutive days. 
Spleen celt transfer of type 1 diabetes. SrX-weck-old eug^ycemic male NOD 
mire were irradiated withC 50 Rad befor^Jntravenous Injection or 2 x 10* spleen 
cdls from acutely diabetic female NOD mice (24). Another group of NOD mice 
received additionally the same amount of spleen celts from eugyeernlc NOD 
mk» treated wilh rhlL-11 r«».u Utt 4th to 22nd weclcsofagc.es described above. 
Ex vtvo tffeetx cfrhZL*Il on SEB-irutuced JL-12 and TNF production, A 
lOiigdoseofrhIL-11 or PBSw^adrrdnistered intrapcttoneaJry to 12- or 2.>weck- 
old female NOD mice CS animals per group), respectively, at limes -24, -I, and IS h 
relative to the injection of 100 pg SEB. Peritoneal cells were recovered 24 h after 
SEB injection and cultured without stimulation for 24 h as described (26). IU2 
and TNFin culture supernatsrtts wereqoanrified by the same solid-phase ELISAs 
as previously described 

/» Vito effects qfrhIL-?? on *ntt-CD9- <md LPS4nditced increase in the 
blood levtte o/2L-*, ILrlZt TFN+f, and I5VF- Female NOD mice between □> 
ages of 6 and 11 weeks were treated with, either 10 ng of rhlU 11 or PBS before 
the Intraperitoneal injection of 10 pg of anti-mouse CD3 mAb or S00 pg IPS. Blood 
samples were collected from 1.0 mice in each &mp that wercJtiUed without being 
injected with anti-CD3 mAb or LPS, or 2 and 6 b after being injected with either 
of them. After (he blood clotted at room te mp er a t u re, trie serum was Immediately 
separated by ccntrifugation at 1,000s and stored at -20°C until cytoWne mca- 
suiements were taken. 

Histological examination of pancreatic Inlets. Samples were fixed in 
Bouins solution and embedded in paraffin for lighc microscopy. Serial sections 
(5 urn thick) were stained with hematoxylin -cosiri for general morphology. For 
the semi quantitative evaluation of infiltration, on ry sections containing eight or 
more islets were selected, and at least eight Islets per pancreas were evaluated 
In a blind fashion by an observer unaware of the treatment or the status of the 
mice as detailed (2$), The degree of mononuclear cell frustration was graded as 
follows: 0. no infiltrate; \ r^riductular m Citrate; 2, pcri^skrt infiltrate; 3, intraialet 
infiltrate; and 4» intraialet Infiltrate associated w$th &-ceJI destruction. The mean 
score for each pancreas was calculated by dividing the total score by the num- 
ber nt islets examined. 



RESULTS 

Lack of toxicity of rhIL-11 in NOD mice. Treatments 
with rhlL-1 1 , heatrlnactivated rhlL- 1 1, and rhtFN-ot were well 
tolerated. Even when therapy was continued to the 22nd 
week of age, there were no differences among these groups 
or the PBS-treated control group in body weights, behavior, 
and general appearance of the animals (data not shown). 
Early treatment with rh IL-11 prevents insuE Us devel- 
opment and temporarily reduces the cumulative inci- 
dence of type 1 diabetes in NOD mice. While acute dia- 
betes with glycosuria and rvyper^lycemia occurred in almost 
half of the control NOD mice treated with PBS, E. coli- 
derived rhIFN-a, or heat^nactivated rhILrll by the age of 
22 weeks, the cumulative incidence of diabetes was signifi- 
cantly reduced by rhILrll (Fig. 1). Histological analyses of 
pancreatic 3-cells from the remaining eugtycerrric mice from 
either rhIL-11 (n = 22) or PBS (n = 14) treatment groups at 
22 weeks of age also revealed that rhIL-11 ameliorated the 
insulitis process. Thus, most (11 of 14) ofthe FBS-treated con- 
trol mice had actively ongoing insulitis, which varied from 
peri-islet infiltrate (grade 2) to intraJslet infilrxate associated 
with p-cell destruction (grade 4) Cmsulitifl score [IS] = 2.4 ± 
0.8, mean ± SD). In contrast all the rhIL-ll-treated mice 
exhibited an insulitis process characterized by periductular 
orperi4sletinfiltzate (IS 1.2 ± 0.72; P< 0.0001, analysis of vari- 
ance [ANOVA] with Borrferrord's a4justment). The insulitis 
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F. NtCOLETTI AND ASSOCIATES 
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FIG. 1. Prevention of type 1 diabetes In NOD manse by early prophy- 
laxis with rhll^U, Eu*lyc*roie RltwOe NOD mke at 4 Weeks of age were 
treated Intrnpcritoncally with 10 ug rhnVll ft a 25) T 10 ug heat, 
inactivated rhinx (O, * m 12), 60,000 V rhIFN-a (□, I* = 14), or 
100 faJ PBS (O, n = 25) Gve consecoth'e time* a week until the age of 
22 weeks. The result* depicted with rhrjL-l 1 and PBS are merged from 
three independent experiment*, and those from rhTFN-w are merged 
from two Independent experiments. The experiment with baat-lnmc- 
ttvated rhIL-11 was performed only once. Variability among lndepen> 
dent experlmenta wa* in each case -slOW. rhTL-11 vb, PBS: P a 0.014.; 
rhIJ>ll re. heat-Inactivated rnIL-11:, P ■ 0.009. rhJL-11 vs. rhIFN*«: 
P a 0.027, The other possible compart Rons aU have P > 0.03 by 
Logrank (Mantcl-Cux). 



process of 22- week-old euglycemic NOD mice treated with 
either heat-inactivated rhIL- 1 1 (n = 6, IS 2.3 ± 0.9) or rhIFN-ot 
(n = 8, IS 2.6 * 1) was very similar to that observed in PBS- 
treated control mice. 

A second set of experiments was conducted to ascertain 
whether the antidlabetogenic effect ofrhlM 1 way leu ^-last- 
ing. Two groups of euglycemic farn*0e NOD mice were created 
and treated with either rhIL-11 or PBS exaclly as described 
in the first experiment. The mice that remained euglycemic 
at the Interruption of the treatment at age 22 weeks were fol- 
lowed fur type 1 dfahetes development, until 50 weeks of age. 
As shown in F5g- 2, the protection was lost 2-3 months after- 
treatment withdrawal when the cumulative incidence of the 
disease was similar to that of control mice. 
Late treatment with rhIL-11 does not influence insuli 
tis or type 1 diabetes development. In contrast to what 
was seen with early prophylaxis, late prophylaxis with 
rhIL- 1 1 failed to influence the natural course of type 1 diabetes 
in NOD mice. In fact, during the treatment period, 15 of 20 
mice treated with rhIL-11 developed diabetes as compared 
with 16 of 20 mice treated with FBS. Age at type 1 diabetes 
onset was also similar between the two groups (mean age ± 
SD 180 ± 33 vs. 171 ± 30, respectively). The extent of insuli- 
tis was also similar in controls and rhIL-lMreated mice OS 
3.3 ± 0.5 and 3.2 ± 0.8, respectively). 
rhlL-U fails to prevent CY-induced type 1 diabetes. 
Although the precise mechanism by which CY accelerates and 
synchronizes the development of autoimmune diabetes is 
unknown, inhibition of suppressor cell functions is thought 
to play a role that allows autoreactive cells to destroy 3 -cells 
within 2rA weeks; this effect is IFN-7- and IL-1 (Independent 
(26,28^31). Accordingly, type 1 diabetes developed in the 
majority of NOD mice within 15 days of CY challenge 
(Table 1) . There were no significant differences in the kinef> 
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PIC. 2. loss orrL-lL-lndoeed protection after treatment withdrawal. Mice were treated as shown In Fig. 1 with either rhttVlI (•) or PBS CO). 
Each group consisted of 15 mice. After 22 weeks, the treatment was withdrawn, and the mice were followed for diabetea development until 
50 weeks of age. At 22 weeks of age, P - OJ>48 v*. controls by Logrank (Mantel-Cox). The results are merged from two Independent experi- 
ments. Variability between Independent experiments was In each case <1096. 
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TABLE 1 

Lack of effect of ILrll on CY-induced diabetes 



Treatment 


Diabetes incidence 


PBS 


9/15 (60%) 


IL-11 


11/15(73%) 



Euglycemic l&week-old NOD mice were treated until 2 weeks 
after CY injection as described in RES&aSCH DESIGN and methods. 



ics of type 1 diabetes development or in the cumulative inci- 
dence between controls and rhIL-1 1-treated mice. 
Early prophylaxis with rhIL-11 does not depend on 
generation of suppressor cells. Pour weeks after injection 
of spleen cells from acutely diabetic NOD mice t type 1 dia- 
betes occurred in ID of 10 (100%) recipient mate NOD mice. 
The capacity to transfer type I diabetes was not influenced 
by ^transferring the recipient mice with spleen cells from 
mice protected by early rhILrll prophylaxis: 8 of 10 (80tf) 
developed type 1 diabetes with a similar kinetic to that of con- 
trol mice- The slight reduction in diabetes incidence did not 
depend on the pretreatment because 80% incidence of dia- 
betes was also observed in NOD mice preinjected with 
spleen cells from FBS^reated euglycemic female NOD mice. 
rhIL-11 suppresses ex vivo release of IL-12 And TNF 
from peritoneal mononuclear cells, lb test the possibil- 
ity of different age-dependent responses of NOD mice to the 
immunomcniulatory effects of ILrll, an experiment was con- 
ducted where 12- and 25-week-old eu^cemic female NOD 
mice received rtuTrl 1 or PBS as controls. Peritoneal macro- 
phages were recovered and cultured forsecretion of IL-12 and 
TNK Cells from mice not treated with SEB did not secrete 
measurable amounts of the cytokines (Table 2). In contrast, 
both cytokines were secreted from cells of the SEB-treated 
mice, and this secretion diminished in cultures from animals 
pretreated with rtiBVl 1 (Table 2). The suppressive effect of 
rhJL-11 on IL-12 and TNF secretion was the same in 12- and 
25-week-old mice. 

jchIL-11 reduces the blood levels of IL-12, IFN-7, and 
TNF induced by anti-CD8 mAb and LPS without 
modifying anti-CD3-induced release of The ability 
of rhlL-1 1 to interfere with the in vivo induction of cytokines 
was tested in mice injected with hamster aitti<IDQ mAb c*LP& 
While anti-CD3 mAb induces release of T-ceU-derived 
cytokines (e.g., IFN-7 and IL4), UPS primarily provokes the 
release of uiacrophage-derived cytokines (e.g., IL-12 and 



TNF) and, subsequently, T-cell- and NK cell-derived cyto- 
kines (e.g., IFN-7). Before the anti-CD3 mAb and LPS injec- 
tions, the blood levels of IL4, TNF, and were all below 
the limit of sensitivity of the assays in NOD mice, regardless 
of whether Ihey wen? treated with rhILrll or PBS (Figs, 3 
and 4). However, IL-12 could be detected at low levels in the 
ciiculation of 3 of 10 PBS-treated mice. The cytokines were 
massively released into the circulation 2 and/or 6 h after hii* i- 
CD3 xi lAb or LPS iiuecUuiis (Figs, 3 and 4). Mice receiving riilL- 
11 showed reduced anti-CD^nduced blood levels ufIFN-7 2 h 
( 1,096 ± 841 vs. 6,31 4 j, 2,4 16 pa/ml 1 ) and 6 h (1,890 ± 669 vs. 
6,290 ± 1,557 pg^ml) after challenge (Kg. 3> The TNF levels 
were reduced at 2 h (17 * 13 vs, 56 ± 16 pg/ml) (Fig. 3), as were 
the LPS-induced blood levels of WfH and IL-12 (Fig. 4> While 
the levels of IFN-y were significantly reduced both at 2 h (<7 
vs. 76 ± 65 pg/ml) and 6 h (1,431 ± 907 vs. 6,541 ± 1,098 pgrtnl), 
those of IL-12 were signincantly reduced 2 h (24.1 ± 10.6 vs. 
64 ± 40. 7 pg/ml) but not 6 h after LPS injection (Fig. 4). There 
was no difference in anti-CD3-mduced blood levels of IL4 
(Hg. 3). The latter data are consistent with ex vivo studies 
showing that prolonged treatment with rhlL- 1 1 from the 4th 
to the 22nd weeks of age failed to modify the spontaneous or 
ConA-induced release of IL4 (data not shown). 

DISCUSSION 

The present data demonstrate that prolonged administration 
of rft&Vl 1 to NOD mice prevents the development of insulltis 
and diabetes, provided that the treatment is instituted in the 
early stages of the prediabetic period between 4 and 5 weeks 
of age. In fact, rhIL»U did not influence spontaneous or 
CY4nduced diabetes when its application was initiated in 
18-week-old NOD mice. This beneficial effect was probably not 
the result of the repeated injections of an immunogenic 
(human into mouse) B. coZi-derived protein because the same 
early prophylactic treatment ofNOD mice with either heat-inac- 
tivated rhILrll or rtuTN-a failed to influence both the inci- 
dence and kinetics of type 1 diabetes in these animals. 
Although i£ coZi-derived rhIFN-a is not very effective in mice, 
the human cytokine is immunogenic because high titers of 
anti-human Ab were found in sera of mice treated with either 
rhLVU or chlFN-a at the end of the study (data not shown). 
That prolonged treatment with human cytokines is per se 
insufficient to prevent diabetes development in NOD mice is 
in accord with previous studies in which neither human IFN-a 
nor human JFN-^y modulated the development of diabetes in 
these mice (32). The ^diabetogenic effect of human TNF-a 
(33) in NOD mouse has been confirmed with mouse TNF-ot (34). 



TABLE 2 



In vivo effect of 1L-1 1 on SEB4nduced IL-12 and TNF production 





12-Week-old mice 


25-Week-old mice 


Treatment 


IL-12 (pg/ml) 


TNF (pg/ml) 


UV12 (pg/ml) 


TNF (pg/ml) 


PBS 
EL-11 
P 


31 ±15 
12 ±13 
0.018 


531 ± 218 
66±44 
<0.0001 


41 ±27 
15 ±12 
0.026 


421 ± 312 
76*62 
O.0OS 



Data are means * SD. NOD mice (eight per group) were treated at times -24, -1, and 18 h relative to the injection of 100 ug SEB. 
Peritoneal mononuclear cells were recovered 24 h after SEB injection and cultured in vitro without further stimulation for 24 K In 
NOD mace not receiving SEB, the IL-12 and TNF levels were below the assay detection limits (5 and 10 pg/ml, respectively). P val- 
ues were determined by ANOVA with Bortferroru's adjustment. 
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FIG. 3. Ia vivo effects of DVll on antkCD3 mAb-indoced ITN-y, TNT, 
and tl^4 production Euglycenuc 8- to 11-weck-old mice were treated 
with either rnO.-U 10 ps/mouse fB) or with PBS (Q) 1 h before 
intraperitoneal Injection of 10 antf-mome CD3 mAfc- Blood samples 
Were collected from 10 mace In each group killed at 0 h without being 
injected with anti-CD3 mAb or 2 and 6 h after challenging wHh Wlti- 
GD3 mAb. Serum samples were quantified by cytokine ELISAs, and the 
results are expressed as mean pi engrain per milliliter ± SD. Horizon- 
tal fines show the sensitivlt? limits of the ELTSAv **JP < 0.0001 vs. con- 
trol groups by ANOVA with BonferronfB adjustment. The data are 
merged from two independent experiments. Variability between each 
independent experiment Was <10%. 



Because msulitis is rarely observed in NOD mic e before the 
age of 4 weeks, and because it rapidly progresses thereafter, 
affecting virtually all NOD mice by the age of 10-12 weeks 
(1,23), the results suggest that rhIL-ll exerts its preventive 
effect only in the early stages of the insulitis process and 
that interfering with development of insulitis may be central 
in the anti diabetogenic action of rhIL-1 1. 

The means by which early rhIL-ll treatment prevents 
insulitis and diabetes in NOD mice might involve generation 
of suppressor cells or interference with appearance and/or 
functions of autoreactive effector molecules- The former 
possibility seems unlikely because cotransfer experiments 
with spleen cells from rhILrll-treated NOD mice failed to 
prevent type 1 diabetes development induced by spleen cells 
from acutely diabetic animals in syngeneic recipients. In 
addition, even though the protection afforded by com- 
pounds that induce suppressor cells, such as exogenous 
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FIG. 4. In vivo effect* of It-11 on LPS-lndoced IPN-Y, TNF» WW* IL-12 
production- The experiments were carried out as detailed In Fig. 9, 
except that LPS 9 (500 xngfaioirae) were used to Induce cytokine*, 
M, rfattVll treatment; O, PBS- treatment. For IFN-y, V = 0.004* and 
< 0.0001 vn. controls; for TNF, V » 0.088 vs. control; Fnr IL-12, 
*P = 0,008 vs. controls by ANOVA with Bonferrooi's adjustment. Hot* 
izontAl lines show the sensitivity UmAts of the ELISA&. The data are 
merged from two Independent experiments. Variability between each 
independent experiment was <20%. 



IL-4, is usually Long-lasting and can be maintained up to 
6 months after treatment withdrawal (35), most of the 
rhIL-l 1 -treated NOD mice developed type i diabetes within 
2-3 months after treatment ended. On the other hand, given 
the central role of TNF, IFN-y, and IL-12 in stimulating cell- 
mediated immune effector functions, the capacity of rhILl 1 
to inhibit production of these cytokines may have tem- 
porarily impaired the functional activities of autoreactive 
effectors. In them vivo study with LPS, however, pretreat- 
ment with rhIL-ll only reduced IL-12 blood levels in the 
mice at 2 but not at 6 h after LPS injection. This finding sug- 
gests a weak suppressive action of rhIL-ll on IL-12 synthe- 
sis/release in this setting. If so, slight suppression of IL-12 pro- 
duction by rhILll may be a complementary, and not primary; 
event that contributes to the airtidiabetogenic action of 
rhIL-n in NOD mice. The capacity of rhIL-ll to suppress 
UPS-induced secretion of IL-ip and nitric oxide (NO) from 
LPS-stiraulflted murine peritoneal macrophages &) may also 
contribute to the favorable effect of rhIL-ll in dampening 
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NOD mouse diabetogenesis as IL-1 (J and NO are involved in 
NOD mouse diabetes (30,31,36). 

As previously mentioned, IL-U inhibits nuclear transloca- 
tion of NF-kB, which is a transcription factor for several 
genes expressed during inflammatory responses, including 
TNF, uVlp, lLr<5, and thu p40 subunitof IL-12 (11). Stephens 
et al (37) demonstrated that inhibition of NF-kB in NTT-1 
insulinoma cells protects Uicm from TNF-induccd cell death 
in vitro possibly Qiruugh tvUucud expression of the lLrl(E-con- 
verting enzyme, a member of the caspase pathway of cell 
death. Thus, besides controlling proinflammatory cytokine 
production, IL-11 may also control apoptosis that has been 
proposed to be the mode of p-cell death in type 1 diabetes 
(38). Thus, inhibition of NF-kB by rhIL-U could be a central, 
mechanism by which early prophylactic treatment reduces 
production of proinflammatory cytokines, insuMs, and dia- 
betes in NOD mice. 

That rhIL-li treatment equally suppressed ex vivo secre- 
tion otTLr\2 in 12- and 25-week-old NOD mice indicates that 
a different age-dependent response of NOD mice to the 
immunomodulatory effects of the cytokine was not respon- 
sible for the different effects of early and late rhJOL-11 treat- 
ment, it also suggests that the modifications induced by 
rhIL-11 on endogenous cytokines (e-g,, suppression of TNF, 
IFN-7, and IL-12) can only prevent the development of type 1 
diabetes during the early stages of the disease. This sugges- 
tion concurs with the findings of Trembleau et al. (39), who 
demonstrated that specific IM2 inhibitors temporarily pre- 
vent NOD mouse type 1 diabetes only when they are admin- 
istered in the early prediabetic stages. Early blockage of 
endogenous TNF also prevents the development of type 1 dia- 
betes in these animals without generating suppressor cells 
(40). Because we have shown that specific IFN-7 inhibitors 
prevent spontaneous type 1 diabetes when first administered 
to NOD mice that have advanced insulitis, and because IFN-7 
inhibitors are also effective in CY-induced diabetes (26), we 
believe that the effect of rhIL-11 on IFN-7 production might 
have been insufficient in this experimental setting. 

The capacity of tti IL-11 to suppress TNF, IFN-7, and, 
though less effectively; IL-12 secretion upon in vivo and ex 
vivo conditions agrees with and complements other studies 
(8-10,13,19,20,22). However, the in vivo modulation of anti- 
CD3-induced cytokines demonstrates that both macro- 
phages and T-cells are targets for the immunomodulatory 
effects of IL-11. The inability of rtiEUll to augment anti- 
CD3-induced TLA blood levels and the ex vivo secretion of 
the cytokine disagree with recent data by KB et al (10), who 
reported a 10-fold increase in a mouse model of graft versus 
host disease (GVHD) in IL4 production from CoiiA-stimulated 
splenocytes from rhJL-ll-treated animals. The reason for 
this increase is unknown, but it may be related to the differ- 
ent experimental models. Also, the discrepancy between the 
NOD mice and the GVHD model maybe due to the coherences 
in route and schedule of the drug. For example, Hill et al. 
administered subcutaneous^ 250 pg/kg or IL-11 twice each 
daily. This results in a half-life of the drug of -6 h vs. -Infer 
intraperitoneal administration. 

Although our results show thatrhfl>ll is capable of pre- 
venting type 1 diabetes in NOD mouse and further indicate the 
feasibility to halt the development of type 1 diabetes by early 
antagonism of the type 1 cytokines IFN-7, IL-12, and TNF, they 
do not clarify the role, if any, of endogenous IL-11 in the 
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pathogenesis of NOD mouse diabetes. Studies that aim at 
blockade of endogenous u>U with specific inhibitors and that 
investigate the presence of IL-1 1 in the insuiitic lesions are in 
progress. 

NOD mouse diabetes can thus be included in the increas- 
ing list of experimental immunoinfiarnmatory conditions thai 
are favorably modulated by rhIL-lJL These include sepsis 
(13,16,21), aithiitides (13,22), and rodent models of inflam- 
matory bowel diseases (15,17,19). Recent data from a 
phase 1 clinical trial have also demonstrated favorable 
effects oflLrl 1 in patients with Crohns disease (41). Despite 
these promising observations, and if our data can be trans- 
ferred to humans, only a minor role can be envisaged for 
IL-1 J in human type 1 diabetes prophylaxis. At present, 
human prediabetes can be identified only through metaboli c 
and immunologic parameters associated with ongoing (J-cell 
destruction, that is, at a time when rhIL-11 is no longer effec- 
tive in NOD mouse prediabetes. In addition, the develop- 
ment of type 1 diabetes shortly after rhIL-1 1 withdrawal sug- 
gests that long-lasting therapy is required for any beneficial 
action of Ilrll on human prediabetes. Nonetheless, it is 
important to realize that rhIL-11 was used in a mouse model. 
In mice, rhIL-11 is less effective than mouse IL-ll, probably 
because of low-binding affinity to the mouse IL-1 1 receptor 
(42). In addition, prolonged treatment with rhlMl induced 
the production ofanti-rhIL-11 Ab that could have reduced the 
Reactivity of the cytokine, ft is therefore possible that mouse 
IL-1 1 exerts an even higher antidiabetogenic effect than rhlL- 
11 in NOD mouse type 1 diabetes and, conversely, that rhlL- 
11 may modulate immunoinflamrnatory diabetogenic path- 
ways in humans more powerfully than the data obtained in 
the present study suggest The possibility should also be con- 
sidered that combined prophylactic treatment with IL-11 and 
other drugs currently in use for human type 1 diabetes pre- 
vention, such as nicotinamide and insulin (43), may have 
synergistic effects- Studies are in progress to test this possi- 
bility in the NOD mouse. 
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